INTRODUCTION
Strong-motion records are used in dynamic response analyses of structural and soil systems. Widespread deployment of seismic instruments has led to a dramatic increase in the number of strong-motion records. However, the selection of suitable records for site-specific analyses continues to be difficult.
The site-specific strong-motion records can be obtained by the following procedure:
(1) establish a site-specific response spectrum from probabilistic seismic hazard analysis (Cornell 1968 , Reiter 1991 , (2) identify controlling seismic events by de-aggregating the seismic hazard (McGuire 1995 , Harmsen and Frankel 2001 , (3) estimate strong-motion duration for the controlling seismic events, and (4) search strong-motion databases for records which are compatible with the site-specific response spectrum and are of required duration. Searching strong-motion databases for spectrum-compatible records can be tedious if the records are not arranged in a systematic manner.
OBJECTIVE AND ORGANIZATION
The objective of this paper is to simplify the selection and scaling of strong-motion records for site-specific analyses. The paper is organized as follows:
1. The response spectrum and duration of many recorded ground motions are computed; 2. Smooth spectral shapes are fitted through the actual spectra by least-square method;
3. The parameters defining the smooth spectrum and duration of various records are tabulated; 4. For an example site, the response spectrum is constructed from the results of probabilistic hazard analysis, dominant seismic events are identified and values of strong-motion duration estimated; and 5. A procedure is presented to select strong-motion records that can be scaled to achieve compatibility with site-response spectrum. Figure 1 shows the processed acceleration, velocity, and displacement histories of horizontal motion recorded at a site, during the 1994 Northridge, California, earthquake. The site is identified as ''Castaic Old Ridge Route'' (Station No. 24278 ) by the California Strong Motion Instrumentation Program (CSMIP). The records were downloaded from the CSMIP ftp site: ftp://ftp.consrv.ca.gov/pub/dmg/csmip. The peak values of acceleration, velocity, and displacement in the 90°(east) direction are: PGAϭ0.568 g, PGVϭ51.5 cm/s, and PGDϭ8.47 cm. Figure 2 shows a tripartite plot of the 5% damped response spectrum of the Castaic 90°motion shown in Figure 1 . In Figure 2 , the pseudo-spectral velocity SV is read along Figure 1 . Processed acceleration, velocity, and displacement histories of ground motion recorded during the 1994 Northridge (6.7M w ), California, earthquake, at ''Castaic Old Ridge Route'' site (CSMIP Station No. 24278) in the 90°(east) direction. The data were downloaded from the CSMIP ftp site: ftp://ftp.consrv.ca.gov/pub/dmg/csmip. the vertical axis, the pseudo-spectral acceleration SA along the −45°axis, and the spectral deformation SD along the +45°axis, with respect to the natural period T along the horizontal axis. These quantities are related to each other as follows (Newmark and Hall 1982, Chopra 2001) :
SMOOTH SPECTRUM OF RECORD
In Figure 2 , the peak values of ground acceleration, velocity, and displacement are shown by straight, dark lines. The response spectrum shows correct asymptotic behavior at both short and long periods-the spectral acceleration approaches PGA at short periods and the spectral deformation approaches PGD at long periods. This will not be the case if the response spectrum were computed from the acceleration history, which is not fully compatible with the displacement history. For the purpose of this study, the spectra were computed by the procedure described in Malhotra (2001) , which ensures correct asymptotic behavior even when the processed acceleration, velocity, and displacement histories are not fully compatible with each other.
In Figure 3 , the Newmark and Hall (1982) smooth spectrum is fitted through the actual spectrum by minimizing the sum-of-square error (difference) between the actual and the smooth spectrum. The Newmark-Hall smooth spectrum is defined by only nine parameters: PGA, SA max , control periods T 1 to T 6 , and PGD.
The Newmark-Hall smooth spectrum is divided into three regions: (1) acceleration region TϽT 3 , (2) velocity region T 3 ϽTϽT 4 , and (3) displacement region TϾT 4 ( Figure   Figure 2 . Tripartite response spectrum (5% damping) of the Castaic 90°ground motion shown in Figure 1. 3). Systems with natural period in the acceleration region behave in a stiff manner-they experience small deformation and large force; systems with natural period in the displacement region behave in a flexible manner-they experience large deformation and small force; and systems with period in the velocity region behave in a medium-stiff manner. The control periods defining the boundaries of the acceleration, velocity, and displacement regions change from one ground motion to another. Therefore, it is possible for a given system to behave in a flexible manner for one ground motion and in a stiff manner for another (Malhotra 1999) .
Considering that the natural period of most systems falls between T 2 and T 5 , the smooth spectral shape can be simplified by extending the flat acceleration region to the left of T 2 and the flat displacement region to the right of T 5 , as shown in Figure 4 . Figure 5 shows the linear plots of the actual (solid line) and the simplified smooth (dashed line) response spectra of the Castaic 90°ground motion. The simplified smooth spectrum is defined by just three parameters: SA max , T 3 , and T 4 . These are the key amplitude and frequency parameters of a ground motion, because they determine the amplitude of the load experienced by systems of different natural periods (or frequencies).
The SA max , T 3 , and T 4 were computed for numerous ground motions. In Table 1 in the Appendix, they are arranged in ascending order of the control period T 3 . The first Table 1 identifies the station (site) at which the record was obtained and shows the direction of the recorded motion (measured clockwise from north). The second column identifies the name of the earthquake. Columns 3 to 5 show the values of SA max , T 3 , and T 4 , respectively. Column 6 shows the duration of strong shaking (to be discussed later). Column 7 shows whether the record was from a soil (S) site or a rock (R) site. Column 7 shows the source (web site) from where the record was downloaded.
SIGNIFICANCE OF SA max , T 3 , AND T 4
The SA max provides information regarding the high-frequency content of a ground motion. The higher the SA max , the greater the amplitude of high frequencies in the ground motion. T 3 and T 4 provide information regarding the contribution of medium and low frequencies relative to the high frequencies in ground motion. In general, T 3 and T 4 are longer for soil sites compared to rock sites. T 3 and T 4 increase with increase in the size of the earthquake and increase in distance from the seismic source.
DURATION OF STRONG SHAKING
Whereas the amplitude and frequency distribution of a ground motion are captured by its response spectrum, its duration is not. We need to know the duration of strong shaking, because structures can fail in low cycle fatigue (Krawinkler et al. 1983 ) and saturated loose sandy soils can liquefy (Seed and Idriss 1982) when subjected to several load cycles during an earthquake (Kramer 1996) . In the literature, there are more than 30 definitions of strong-motion duration (e.g., Bommer and Martinez-Pereira 1999), but they all are indirect measures of the number of load cycles. One of the more accepted definitions of duration is known as the significant duration. It is defined as the time difference between the arrivals of 5% and 95% of the area under the square of the acceleration history (Trifunac and Brady 1975) . The significant duration for the Castaic 90°m otion is D s ϭ9.1 s (see Figure 6 ). The significant durations for various ground motions are shown in the sixth column of Table 1 .
SCALING OF RECORD
A simple way to modify a strong-motion record is to multiply the amplitude of the acceleration history throughout by a certain factor ␣. The record's PGA, PGV, and PGD all are multiplied by the factor ␣. The effect of scaling factor ␣ =1.5 on the record's smooth response spectrum is shown in Figure 7 . Note that SA max increases by 50%, while the control periods T 3 and T 4 remain unchanged. The record's significant duration D s is also not affected by scaling, because D s depends on the shape, rather than the amplitude, of the record ( Figure 6 ).
SITE-SPECIFIC SPECTRUM AND DURATION
The California Geological Survey (CGS) and the United States Geological Survey (USGS) have carried out probabilistic seismic hazard analyses of numerous sites within the United States, assuming firm rock site conditions . The results of these analyses have been used to generate the seismic hazard maps in building codes (Leyendecker et al. 2000) . 
the control period marking the beginning of flat acceleration region is
and the peak ground acceleration is assumed to be 40% of the spectral value at 0.2 s, i.e.,
PGAϭ0.4•SA͑0.2s͒ (4)
Unlike spectral values, the duration of strong shaking cannot be read directly from seismic hazard maps. However, we can estimate duration from the size and location of seismic events controlling the hazard at the site. The de-aggregation of seismic hazard (McGuire 1995 , Harmsen and Frankel 2001 reveals the size and location of controlling seismic events. Figure 9 shows the site-specific de-aggregation plots for 0.2 s, 1 s, and 2 s spectral values downloaded from the USGS web site http://eqint1.cr.usgs.gov/eq/html/ deaggint.shtml. Each bar represents a seismic event whose size and distance (from the 
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site) are indicated along the horizontal axes. The height of the bar signifies the relative importance of a particular seismic event. There are two events that dominate the hazard at this site: (1) 6.7M w at 18 km on the San Jacinto Fault, and (2) 7.8M w at 35 km on the San Andreas Fault.
The 0.2 s spectral value is determined by the San Jacinto event (Figure 9a ). The 1 s spectral value is determined, nearly equally, by the San Jacinto and the San Andreas events (Figure 9b ). The 2 s spectral value is controlled primarily by the San Andreas event (Figure 9c ). The significance of distant event increases with increase in natural period, because low frequencies, which determine the long-period spectral values, attenuate slower with distance than the high frequencies.
The strong-motion durations for the two seismic events are obtained from the following relationship (Trifunac and Brady 1975) :
where M=earthquake magnitude, ⌬=distance from the source, and sϭ0 for alluvium, 2 for hard rock, and 1 otherwise. The duration for the San Jacinto event is D s ϭ13 s, and that for the San Andreas event is D s ϭ19 s. Alternatively, the relationship proposed by Abrahamson and Silva (1996) can be used to estimate the significant duration.
SITE-SPECIFIC GROUND MOTIONS
We need two types of ground motions for this site: (1) those simulating a closer, smaller event on the San Jacinto Fault, and (2) those simulating a distant, larger event on the San Andreas Fault. The ground motions for the closer event should match the site response spectrum for period between 0.2 s and 1 s (Figures 9a and 9b) . As mentioned before, these ground motions should have duration of D s Ϸ13 s. The ground motions for the distant, larger event should match the site response spectrum for period between 1s and 2s (Figures 9b and 9c ) and have duration of D s Ϸ19 s. We will select these ground motions from Table 1 .
GROUND MOTIONS FOR CLOSER, SMALLER EVENT
We will select those ground motions with T 3 ϷT s ϭ0.4 s, T 4 у1 s, and duration D s Ϸ13 s. We will scale these ground motions by a factor,
The smooth spectra of the scaled ground motions will match the site response spectrum from 0.2 s to 1 s and have the required duration. The Long Valley Dam 0Њ from the Mammoth Lakes earthquake and the Castaic 90Њ from the Northridge earthquake are selected, although their durations are somewhat shorter than the target value of 13 s. The SA max for these ground motions are 0.644 g and 1.37 g, respectively (Table 1) . Because Figure 10 . The spectra of the scaled ground motions are compared with the site response spectrum in Figure  11 . 
GROUND MOTIONS FOR DISTANT, LARGER EVENT
We will now select ground motions with T 3 у1 s, T 4 у2 s, and duration D s Ϸ19 s. We will scale these ground motions by a factor,
The smooth spectra of the scaled ground motions will match the site spectrum between 1 s and 2 s and have the required duration. The Amboy 0°(Hector Mine earthquake) and Joshua Tree 90°(Landers earthquake) are selected although many other ground motions will also meet the requirements. The scaling factors for these ground motions, as per Equation 7, are 2.46 and 1.21, respectively. The scaled ground motions are shown in Figure 12 . The spectra of the scaled ground motions are compared with the site response spectrum in Figure 13 .
ORTHOGONAL PAIRS OF GROUND MOTION
In multidirectional dynamic response analyses, the strong-motion records are required in two horizontal directions, simultaneously. The site spectra in two directions are usually the same, but the recorded motions in two orthogonal directions are never identical. It is proposed that the orthogonal pairs of ground motions should be selected such that the geometric mean of their spectra matches the site spectrum and the algebraic mean of their duration matches the required duration.
The Castaic Old Ridge Route 90°ground motion shown in Figure 1 has an orthogonal component in the 0°direction. The spectra of the two orthogonal components are naturally different as shown in Figure 14a . The geometric mean of the Castaic 90°and Castaic 0°spectra is shown in Figure 14b . The smooth geometric-mean spectrum is shown by the solid line in Figure 14b . The smooth geometric-mean spectrum was similarly computed for numerous other ground motion pairs. The parameters defining the geometric-mean spectrum of various horizontal ground motions are listed in Table 2 in the Appendix. The duration shown in the sixth column of Table 2 is the average in the two horizontal directions. The orthogonal pairs of ground motions can be selected from Table 2 using a similar procedure as before. For a closer, smaller event, we need a ground motion pair with T 3 ϷT s ϭ0.4 s, T 4 у1 s, and duration D s Ϸ13 s. We will scale both components of this ground motion by the factor given by Equation 6. The Malibu Pt. Dume (Northridge earthquake) ground motion with SA max ϭ0.257 g is selected. It requires a scaling factor of 1.5/0.257=5.84. This factor is higher than the normally accepted upper limit of 4. However, it is still reasonable because we are scaling ground motions to a 2475-year (MCE) spectrum, but the design spectrum as per the International Building Code (ICC 2000) is two-thirds the MCE spectrum. This will bring the scaling factor for the design ground motion to 5.84/1.5=3.89, which is within the acceptable limit of 4.
For a distant, larger event, we need a ground motion pair with T 3 р1 s, T 4 у2 s, and duration D s Ϸ19 s. The scaling factor, given by Equation 7, is applied to both components of this ground motion. The Yermo (Landers earthquake) ground motion with SA max ϭ0.427 g and T 3 ϭ0.84 s is selected. It requires a scaling factor of 1.67. Figure 15 shows the scaled ground motion pairs for the closer, smaller event and the distant, larger event. The geometric-mean spectra of the closer and distant event ground motions are compared with the actual spectrum in Figure 16 .
NEAR-FIELD GROUND MOTIONS
Ground motions affected by directivity focusing at near-field stations contain distinct pulses in the acceleration, velocity, and displacement histories (Aki 1968 , Archuleta and Hartzell 1981 , Bolt 1983 . In a strike-slip earthquake, if the rupture propagates in the direction of the recording station, the coherently traveling long-period waves result in large values of ground velocities and displacements (hence medium-and long-period spectral values) in the fault-normal direction (Somerville 1993 (Somerville , 1998 . Because the highfrequency waves are less likely to travel in a coherent manner, the ground accelerations (hence low-period spectral values) are relatively unaffected by directivity focusing. Directivity focusing can also occur for dip-slip faulting, although the conditions required are met less readily.
To properly capture the near-field effects different site spectra are needed in the strike-normal and strike-parallel directions (Stewart et al. 2001 ). In such cases, different scaling factors are applied to the ground motion components to match the respective spectrum. If only one spectrum is available, it may be treated as a geometric-mean spectrum of two orthogonal directions. In this case, ground motion pairs with significantly different spectral amplitudes in two orthogonal directions can be scaled such that their geometric-mean spectrum matches the site spectrum.
Some researchers believe that the ground motions in the fault-normal direction should not only match the site spectrum in that direction, but they should also have a pulse-like characteristic. However, other researchers are of the opinion that the effects of directivity focusing are adequately explained and captured by the response spectrum (Chopra and Chintanapakdee 1998, 2001; Malhotra 1999) . 
CONCLUSIONS
1. Site-specific ground motions should simulate the controlling seismic events in amplitude, frequency distribution, and duration. When the site response spectrum is derived from probabilistic hazard analysis, the controlling seismic events can be identified by de-aggregating the hazard. 2. Ground motions simulating closer, smaller events should be compatible with the short-period region of the response spectrum, while those simulating distant, larger events should be compatible with the long-period region of the response spectrum. It is neither necessary nor desirable for a ground motion to be compatible with the entire response spectrum, unless the hazard is controlled by a single seismic event. 3. The amplitude and frequency distribution of a ground motion are expressed by its smooth response spectrum, which is defined by three parameters: (a) maximum spectral acceleration, (b) period marking the beginning of the velocity region, and (c) period marking the beginning of the displacement region. 4. The tables of amplitude and duration parameters presented in this paper are helpful in selecting strong-motion records for site-specific analysis. T 1 to T 6 control periods in smooth spectrum of recorded ground motion (Figure 3) 
NOTATION

APPENDIX
The following tables list strong-motion records at various sites for numerous earthquakes. Table 1 gives the amplitude, frequency, and duration parameters for various strong-motion records, and Table 2 gives the amplitude, frequency, and duration parameters for various pairs of horizontal strong-motion records. 
